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ABSTRACT

Recent studies have shown that aerosols can substantially influence temperature,
precipitation, and snowpack in California through their direct, indirect, and deposition
effects. The impact of aerosols on these meteorological variables can influence
hydropower reservoir inflow, which can in turn impact hydroelectricity generation in
California. This project developed a fully coupled aerosol-meteorology-snowpack
forecasting model by integrating a weather research and forecasting model, a statistical
inflow forecast model using dynamic regression method, and a hydroelectric power
plant optimization model (Vista) to quantify the impact of aerosols on hydropower
generation in California.

Aerosols warm the California mountaintops through aerosol-snow interaction by local
dust, cool the lower elevation areas through aerosol-radiation interaction, and reduce
precipitation and snowpack in California. The researchers developed a comprehensive
framework to quantify the impact of aerosols on inflow into the Big Creek Hydroelectric
System. The developed framework seamlessly integrates the Weather Research and
Forecasting Model with chemistry (WFR-Chem) and a statistical inflow forecast model.
The simulation results show that the presence of aerosols results in a significant
reduction of annual reservoir inflow (flow of water) by 4-14 percent.

The research team calculated the impact of aerosols on hydropower generation and
revenue by feeding the inflow forecasts of the lakes to the Big Creek Hydroelectric
System both with and without considering the impact of aerosols into the Vista Decision
Support System. From the simulation results, researchers found that aerosols reduce
inflows into the reservoirs of Big Creek hydroelectric system by 1-10 percent. The
presence of aerosols causes $2.8 million loss in revenue in a water year for Southern
California Edison, providing more justification for stricter environmental regulations to
reduce anthropogenic aerosol emissions.
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EXECUTIVE SUMMARY

Introduction

Recent studies have shown that aerosols, which are small solids or liquid particles
suspended in ambient air, can substantially influence temperature, precipitation, and
snowpack in California through their interactions with clouds. These interactions warm
or cool the atmosphere, potentially changing how fast snow in the Sierra Nevada melts.
The speed at which snow melts influences the flow of water to hydropower reservoirs,
which, in turn, affects hydroelectricity generation. Hydropower is a clean source of
electricity in California, and its generation during the summer is important to provide
electricity during peak demand days, driven by the increased use of air conditioning
units. The scientific community, however, had not quantified the effects of aerosols on
hydropower generation before the execution of this project.

Project Purpose

This project developed an innovative and comprehensive framework for evaluating the
effect of aerosols on hydropower generation in California. The framework seamlessly
integrated the numerical weather forecasting model WRF-Chem (the Weather Research
and Forecasting model coupled with Chemistry), a statistical inflow forecast model, and
a hydroelectric power plant optimization model (Vista). Vista is a model used by
Southern California Edison (SCE) to operate their Big Creek Hydroelectric System. The
main outcome was determining the operational and economic impacts of aerosols on
operating the Big Creek system.

Project Approach

The research team enhanced and used a version of the WRF-Chem model that included
fully coupled aerosol-meteorology-snowpack interactions to investigate the effects of
various aerosol sources on precipitation and snowpack in California. For example, how
aerosols affect clouds and how clouds change the nature of the aerosols. In particular,
the research team investigated the impacts of locally emitted and dust aerosols, and
aerosols that originated outside California. The team examined several modeling
options to best simulate snowpack conditions, temperature, and other weather variables
via a series of comparisons of modeling results with observations from ground-based
meteorological and hydrological stations and satellite data. The team used Florence Lake
and Lake Thomas Alva Edison of the Big Creek Hydroelectric Project in the San Joaquin
Region for water years 2013 and 2014 as the case study for this project. Finally, they
used Vista, a hydropower management model used by SCE, to facilitate transferring
information and results to SCE.

Project Results

The research team found an average reduction of precipitation from aerosols during

October 2013 to June 2014 of about 7 percent. The team also found a 3 percent

reduction for snow water equivalent and a 7 percent reduction in surface runoff (flows
1



of water) for the whole domain; the effects are even more pronounced in the
mountaintops. The reduction in snow water equivalent is also more significant during a
dry year, with a 9 percent reduction for the whole domain and 16 percent for the
mountaintops.

The case study on the Florence Lake and Lake Thomas Alva Edison of the Big Creek
Hydroelectric Project in the San Joaquin Region for water years 2013 and 2014 suggests
that the presence of aerosols results in a significant reduction of annual reservoir inflow
(flow of water to the reservoirs) by 4 to 14 percent.

Finally, the team calculated the effect of aerosols on hydropower generation and
revenue for water year 2015 by feeding the inflow forecasts of all of the lakes of the Big
Creek Hydroelectric System both with and without considering the impact of aerosols
into the Vista Decision Support System. The results suggest that aerosols significantly
reduce hydropower generation by 89,356 MWh in water year 2015, which is a 5.61
percent reduction in the annual hydropower generation. This translates to a $2.8 million
loss in revenue in a water year for Southern California Edison. This significant revenue
loss due to aerosols provides another justification for stricter environmental regulations
to reduce anthropogenic aerosol emissions.

Knowledge Transfer

The research team worked very closely with representatives from SCE and disseminated
results by participating in technical conferences and publishing journal papers. This
study is the first study to quantify the generation and costs impacts of aerosols on the
operation of a hydropower system located in the Sierra Nevada. This study suggests that
considering the effect of aerosols on precipitation and streamflow in rivers could
significantly improve hydrological forecasts. The Technical Advisory Committee for this
project consisted of technical representatives from SCE, the California Department of
Water Resources, and the California Energy Commission.

SCE staff co-authored a publication with the research team showcasing the results of the
study and presented the results at a national conference organized by the Institute of
Electrical and Electronic Engineering.

SCE requested and received one long-term forecast from the research team to help them
manage their Big Creek Hydroelectric Project. Additional resources will be necessary to
provide this service to SCE for future years to run the models and interpret the results.

Benefits for California

The Energy Commission used the results of this study to inform the design of a new
modeling system to create the next generation of climate scenarios for California’s Fifth
Climate Change Assessment. Energy Commission staff included the requirement for the
new modeling system in a call for proposals that successfully ended in a new on-going
research project. This new modeling system will simulate the effects of aerosols on
climate for the rest of this century. The climate projections generated for the Energy

2



Commission so far have been the foundation of past studies about the effects of climate
change to the energy system and the other sectors of the economy that have been a part
of past California climate change assessments. These climate scenarios have also been
used to developed long-term plans to manage energy, water, forestry, and other
resources in California by the relevant state agencies such as the Energy Commission,
CalFire, and the California Department of Water Resources. In addition, the Governor’s
Office of Planning and Research requires the use of the climate scenarios developed for
the Energy Commission for all state activities dealing with climate adaptation in
California.



CHAPTER 1:
Aerosol Seasonal Variability and Impacts
on Seasonal Precipitation and Snowpack

1.1 Introduction

Water resources in California are derived predominantly from precipitation (mostly
during the wintertime) and storage in the snowpack in the Sierra Nevada. Snowpack
provides about one-third of the water used by California's cities and farms. The fresh
water stored in the snowpack gradually releases through runoff into river flows during
the warm and dry season. The amount and timing of snowmelt are critical factors in
determining water resources in this region. It is important to understand the factors
influencing precipitation and snowpack on seasonal timescale for water management
and hydropower operation.

The 2012-2014 California drought has been attributed to warming and anomalously low
precipitation (Griffin and Anchukaitis, 2014). Previous studies suggested that warming
trends are amplified in mountains compared to lowlands (Pepin et al., 2015). The
amplified warming in mountain areas, also referred to as elevation-dependent warming,
is generally attributed to a few important processes (Pepin et al., 2015), such as water
vapor changes and latent heat release, surface water vapor changes, radiative flux
changes associated with three-dimensional rugged topography (Gu et al., 2012a; Liou et
al., 2013; Lee et al., 2015; Zhao et al., 2016), and snow-albedo feedback (Leung et al.,
2004). A review and assessment of the mechanisms contributing to an enhanced
warming over mountain areas is given in Pepin et al. (2015).

In addition to the warming effects of greenhouse gases, aerosols may have substantial
impacts on water resources in California. Recent observational and numerical modeling
studies have shown that aerosol pollutants can substantially change precipitation and
snowpack in California (for example Rosenfeld et al., 2008a; Qian et al., 2009a; Hadley et
al., 2010; Ault et al., 2011; Creamean et al., 2013, 2015; Fan et al., 2014; Oaida et al.,
2015). Lee and Liou (2012) illustrated that roughly 26 percent of snow albedo reduction
from March to April over the Sierra Nevada is caused by an increase in aerosol optical
depth (AOD).

In California, aerosols can be generated locally or transported from remote sources.
Among local aerosol types, dust comprises a significant fraction over California (Wu et
al., 2017). Based on a four-month, high intensity record of size-segregated particulate
matter (PM) samples collected from a high elevation site, Vicars and Sickman (2011)
found that the mass concentration of coarse atmospheric PM in the southern Sierra
Nevada, California, was dominated by contribution from dust (50 to 80 percent)
throughout the study period. Dust aerosols can exert important impact on radiative

4



forcing and regional climate in California through its interaction with radiation (e.g.,
Zhao et al., 2013a) as well as its role as cloud condensations nuclei for cloud formation
(such as Fan et al., 2014). Anthropogenic aerosols are geographically distributed because
of localized emission sources, the short atmospheric residence time, and regional
topography. With valleys and surround mountain barriers, dispersion of air pollutants is
more difficult for locally emitted anthropogenic air pollution. The anthropogenic
aerosols can cause changes in atmospheric circulation and regional climate especially
where the aerosol concentrations are high and the synoptic atmospheric systems are not
prominent (for example Qian et al., 2003; Fast et al., 2006; Rosenfeld et al., 2008a; Zhao
et al,, 2013a).

Besides the local aerosol sources, the atmospheric transport of aerosol pollutants from
the Asian continent (such as Jiang et al., 2007; Wang et al., 2015; Hu et al., 2016) is also
a significant contributor to aerosol loading throughout the Pacific basin. Asian aerosols
can reach relatively high concentrations above the marine boundary layer in the western
US, representing as much as 85 percent of the total atmospheric burden of PM at some
sites (VanCuren, 2003). Trans-Pacific dust transport has been found to be particularly
relevant in high-elevation regions such as the Sierra Nevada, which typically represents
free-tropospheric conditions due to the limited transport of lowland air pollutants and
predominance of upper air subsidence (VanCuren et al., 2005). Observations from the
CalWater campaign demonstrated that dust and biological aerosols transported from
northern Asia and the Sahara were present in glaciated high-altitude clouds in the Sierra
Nevada coincident with elevated ice nuclei (IN) particle concentrations and ice-induced
precipitation (Ault et al., 2011; Creamean et al., 2013).

Aerosols can influence precipitation, snowpack and regional climate through three
pathways. First, aerosol-radiation interaction (ARI, also known as aerosol direct effect),
can warm the atmosphere but cool the surface, resulting in changes in thermodynamic
environment for cloud and precipitation and the delay of the snowmelt (Charlson et al.,
1992; Kiehl and Briegleb, 1993; Hansen et al., 1997; Koren et al., 2004; Gu et al., 2006,
2016, 2017). Second, aerosol-cloud interaction (ACI, also known as aerosol indirect
effect), which is related to aerosols serving as cloud condensation nuclei (CCN) and IN.
By changing the size distribution of cloud droplets and ice particles, aerosol may affect
cloud microphysics, radiative properties and precipitation efficiency, thus affect the
atmospheric hydrological cycle and energy balance (Twomey, 1977; Jiang and Feingold,
2006; Rosenfeld et al., 2008b; Qian et al., 2009b; Gu et al., 2012b). Third, aerosol-snow
interaction (ASI). When aerosols (mainly absorbing aerosols, such as dust and black
carbon) are deposited on snowpack, they can reduce snow albedo and affect snowmelt
(Warren and Wiscombe, 1985; Jacobson, 2004; Flanner et al., 2007; Qian et al., 2011,
2015; Zhao et al., 2014). Numerical experiments have shown that ARI reduces the
surface downward radiation fluxes, cools the surface and warms the atmosphere over
California (Kim et al., 2006; Zhao et al., 2013a), which could subsequently impact clouds,
precipitation and snowpack. In a 2-D simulation, Lynn et al. (2007) shows that ACI
decreases orographic precipitation by 30 percent over the length of the mountain slope.
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Fan et al. (2014) showed that ACI increases the accumulated precipitation of an
Atmospheric River event by 10 to 20 percent from the Central Valley to the Sierra
Nevada due to a ~40 percent increase in snow formation. Snow impurities (ASI) increase
ground temperature, decrease snow water, shorten snow duration and cause earlier
runoff (Jacobson, 2004; Painter et al., 2007, 2010; Qian et al., 2009a; Waliser et al., 2011;
Oaida et al., 2015).

This study investigated the seasonal variations of aerosols and the impacts of various
aerosol sources on seasonal precipitation and snowpack in California using a fully
coupled high-resolution aerosol-meteorology-snowpack model. The researchers
distinguish and quantify the impacts of aerosols from local emissions and transport,
and the roles of different prevailing aerosol types in California, particularly dust and
anthropogenic aerosols.

The unique contributions of this study are:

1. The researchers configured WRF-Chem model for successful use in California
region and conducted WRF-Chem simulations that capture aerosol variations in
the San Joaquin Valley (S]V), especially in the cold season.

2. The researchers found that high-resolution model simulation could better
resolve inhomogeneous distribution of anthropogenic emissions in urban areas,
resulting in better simulation of aerosols.

3. The researchers quantified the impact of aerosols on seasonal precipitation and
snowpack and found that various aerosol sources in California may influence the
region through different pathways.

4. The researchers provided seasonal forecast for precipitation and snowpack in
California.

The remainder of this chapter is organized as follows. Section 1.2 provides existing
studies using numerical models to investigate the effects of aerosols. Section 1.3
presents the technical methods and data used in this study, including observations,
model description, and experiment design. Section 1.4 provides the evaluation of the
WREF-Chem model and the seasonal variations of aerosols in SJV. Section 1.5 presents
the impact of aerosols on seasonal precipitation and snowpack in California. Section 1.6
provides a 6-month forecast over California. Lastly, concluding remarks are given in
Section 1.7.

1.2 Literature Review

Chemical transport models are a useful tool to understanding the formation and
evolution of aerosols and their impacts on air quality, weather and climate. However, it
is quite challenging to accurately simulate aerosol properties (Fast et al., 2014). Fast et
al. (2014) summarized the factors contributing to the errors in regional-scale modeling
of aerosol properties. They include 1) emission sources; 2) meteorological
parameterizations; 3) representation of aerosol chemistry; 4) limited understanding of
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the formation processes of secondary organic aerosol (SOA); 5) spatial resolution; and 6)
boundary conditions.

As one of the advanced regional air quality models available presently to the
community, the Weather Research and Forecasting model with Chemistry (WRF-Chem)
has been widely used to study aerosols and their impacts on regional air quality,
weather and climate (for example Misenis and Zhang, 2010; Zhang et al., 2010; Zhao et
al., 2010; 2013a, 2013b; 2014; Gao et al.,, 2011; Wu et al,, 2011a, 2011b, 2013; Fast et al.,
2012, 2014; Scarino et al., 2014; Tessum et al., 2015; Campbell et al., 2016; Hu et al.,
2016). For example, Fast et al. (2014) showed that WRF-Chem simulations at 4 kilometer
(km) horizontal resolution captured the observed meteorology and boundary layer
structure over California in May and June of 2010 and the spatial and temporal
variations of aerosols were reasonably simulated. Aerosol simulations by WRF-Chem are
usually sensitive to local emission and long-range transport of aerosols from the
boundary conditions provided by the global Model for Ozone and Related chemical
Tracers, version 4 (MOZART-4). With a similar model set-up, Zhao et al. (2013b)
conducted a one-year simulation at 12 km horizontal resolution and found that the
WRF-Chem model represented the observed seasonal and spatial variation of surface
particulate matter (PM) concentration over California. However, underestimation of
elemental carbon (EC) and organic matter (OM) were noticed in the model simulation,
with weak sensitivity to horizontal resolution.

Although recent studies showed that aerosols can substantially influence precipitation
and snowpack in California, they focused only on one of the aerosol sources or on a
single event or one pathway. A complete account of the aerosol impacts from different
sources through three pathways on regional climate in California has not been
presented yet. In addition, large seasonal and spatial variation of aerosol occurrence and
distribution are observed in the California Central Valley, such as the San Joaquin Valley
(SJV). Improved understanding of the aerosol variability and impacts is necessary to
provide further guidance for emission control strategies in the California.

1.3 Technical Methods

1.3.1 Observations

Column-integrated Aerosol Optical Properties. AOD is a measure of column-integrated
light extinction by aerosols and a proxy for total aerosol loading in the atmospheric
column. The Aerosol Robotic Network (AERONET) provides ground measurements of
AOD every 15 minutes during daytime under clear skies (Holben et al., 1998), with an
accuracy approaching +0.01 (Eck et al., 1999; Holben et al., 2001; Chew et al., 2011). The
monthly level 2.0 AOD product with cloud screening and quality control is used in this
study. Angstrom exponent (AE) is an indicator of aerosol particle size. Small (large) AE
values are generally associated with large (small) aerosol particles (Angstrom, 1929;
Schuster et al., 2006). The AE between 0.4 nm and 0.6 pm is derived from AERONET
observed AODs, and is used to evaluate the model-simulated AE. For comparison with
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simulated AOD, AERONET AOD is interpolated to 0.55 pm from 0.50 pm and 0.675 pm
using the AE. In the SJV, only one AERONET station at Fresno, CA (36.79°N, 119.77°W)
has regular observations throughout the California water year 2013 (WY2013) from
October 2012 to September 2013.

The Multiangle Imaging Spectroradiometer (MISR) (Diner et al., 1998) instrument
onboard the Terra satellite has provided global coverage of AOD once a week since
December 1999. The standard MISR retrieval algorithm provides AOD observations at
17.6 km resolution using 16x16 pixels of 1.1 km x 1.1 km each. About 70 percent of
MISR AOD retrievals are within 20 percent of the paired AERONET AOD, and about 50
percent of MISR AOD falls within 10 percent of the AERONET AOD, except in dusty and
hybrid (smoke+dust) sites (Kahn et al., 2010). The researchers use version 22 of Level 3
monthly AOD product at 0.5° resolution in this study.

Surface Mass Concentration. Surface PM,; speciation and PM,, (particulate matter with
diameter < 10 pm) data are routinely collected by two national chemical speciation
monitoring networks: Interagency Monitoring of Protected Visual Environments
(IMPROVE) and the PM,;National Chemical Speciation Network (CSN) operated by
Environmental Protection Agency (EPA) (Hand et al. 2011; Solomon et al., 2014).
IMPROVE collects 24-h aerosol speciation every third day at mostly rural sites since
1988. The same frequency of aerosol speciation dataset was collected at EPA CSN sites
in urban and suburban areas since 2000. The observed organic carbon is converted to
OM by multiplying by 1.4 (Zhao et al., 2013b; Hu et al., 2016). Some precursors of
aerosol pollutions (such as NO, and SO.) are observed hourly by EPA (data available at:
https://aqgsdrl.epa.gov/agsweb/agstmp/airdata/download_files.html) and are used in
this study. Selected IMPROVE and EPA CSN sites used in this study are shown in Figure
1-1a.

Aerosol Extinction Profile. The aerosol extinction coefficient profile reflects the
attenuation of the light passing through the atmosphere due to the scattering and
absorption by aerosol particles as a function of range. Version 3 Level 2 532 nm aerosol
extinction profiles derived from Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP) backscatter profiles collected onboard the Cloud-Aerosol Lidar and Infrared
pathfinder Satellite Observation (CALIPSO) satellite are used (Omar et al., 2009; Young
and Vaughan, 2009). Seasonal mean profiles are derived for WY2013 based on the
methodology outlined in Campbell et al. (2012), whereby quality-assurance protocols are
applied to individual profiles before aggregating and averaging the data. The
researchers highlight that no individual profiles are included in the averages if the
CALIOP Level 2 retrieval failed to resolve any extinction within the column, a potential
issue to create bias that has recently been described by Toth et al. (2017). Level 2 532
nm aerosol extinction data classify aerosols into six types: clean marine, dust, polluted
continental, clean continental, polluted dust and smoke. Dust and polluted dust are
distinguished in the averages in this study for their contribution to total extinction and
the vertical profile seasonally in the SJV.



1.3.2 Model Description

The WRF-Chem model Version 3.5.1 (Grell et al., 2005) updated by Pacific Northwest
National Laboratory (PNNL) is used in this study (Zhao et al., 2014). This study uses the
CBM-Z (carbon bond mechanism) photochemical mechanism (Zaveri and Peters, 1999)
coupled with the sectional-bin MOSAIC (Model for Simulating Aerosol Interactions and
Chemistry) aerosol scheme (Zaveri et al., 2008) as the chemical driver. The major
components of aerosols (nitrate, ammonium, EC, primary OM, sulfate, sea salt, dust,
water and other inorganic matter) as well as their physical and chemical processes are
simulated in the model. For computational efficiency, aerosol particles in this study are
partitioned into four-sectional bins with dry diameter within 0.039-0.156 1m, 0.156-
0.625 nm, 0.625-2.5 pm, and 2.5-10.0 nm. Zhao et al. (2013a) compared the effect of
aerosol size partition on dust simulations. It showed that the 4-bin approach reasonably
produces dust mass loading and AOD compared with the 8-bin approach. The size
distribution of the 4-bin approach follows that of the 8-bin approach with coarser
resolution, resulting in +5 percent difference on the ratio of PM.;-dust/PM,,-dust in
dusty regions (more large particles and less small particles). Dust number loading and
absorptivity are biased high in the 4-bin approach compared with the 8-bin approach.

Aerosols are considered to be spherical and internally mixed in each bin (Barnard et al.,
2006; Zhao et al., 2013b). The bulk refractive index for each particle is calculated by
volume averaging in each bin. Mie calculations as described by Ghan et al. (2001) are
used to derive aerosol optical properties (such as extinction, single-scattering albedo,
and the asymmetry parameter for scattering) as a function of wavelength. Aerosol
radiation interaction is included in the shortwave and longwave radiation schemes (Fast
et al,, 2006; Zhao et al., 2011). By linking simulated cloud droplet number with
shortwave radiation and microphysics schemes, aerosol cloud interaction is effectively
simulated in WRF-Chem (Chapman et al., 2009). Aerosol snow interaction is
implemented in this version of WRF-Chem (Zhao et al., 2014) by considering aerosol
deposition on snow and the subsequent radiative impacts through the SNICAR (SNow,
ICe, and Aerosol Radiative) model (Flanner and Zender, 2005, 2006). Table 1 shows the
different model configurations used to evaluate the modeling results.

Table 1: Experiment Description for Model Evaluation

Experiment ID

Experiment description

20km Simulation with the GOCART dust scheme at 20 km horizontal resolution.
20km_D2 Same as 20km, but with the DUSTRAN dust scheme.

20km_P7 Same as 20km_D2, but with the ACM?2 PBL scheme.

4km Same as 20km, but at 4 km horizontal resolution.

4km_D?2 Same as 4km, but with the DUSTRAN dust scheme.

Source: University of California, Riverside




The model simulations start on September 1, 2012 and run continuously for 13
months. With the first month used for the model spin-up, the researchers’ analysis
focuses on WY2013 from October 2012 to September 2013. The model is configured
with 40 vertical levels and a model top at 50 hPa. The vertical resolution from the
surface to 1 km gradually increases from 28 m to 250 m. The model center is placed at
38N, 121°'W, with 250 x 350 grid points at 4 km horizontal resolution, referred to as
“4km”, covering California and the surrounding area (Table 2). To test the sensitivity of
the aerosol simulations to horizontal resolution, the team conducted one simulation
with the same model settings and domain coverage at 20 km horizontal resolution
(referred to as “20km”).

The physics parameterizations used in the simulations include the Morrison double-
moment microphysics scheme (Morrison et al., 2009), Rapid Radiative Transfer Model
for General circulation model (RRTMG) shortwave and longwave radiation schemes
(TIacono et al., 2008), Community Land Model (CLM) Version 4 land surface scheme
(Lawrence et al., 2011). The Yonsei University (YSU) planetary boundary layer (PBL)
scheme (Hong et al., 2006) is used in all of the simulations, except one sensitivity
experiment that uses the ACM2 (Asymmetric Convective Model with non-local upward
mixing and local downward mixing; Pleim, 2007) PBL scheme (referred to as “20km_P7”).
Previous studies showed that YSU and ACM2 schemes have good performance in
simulating boundary layer properties (such as Hu et al., 2010; Xie et al., 2012; Cuchiara
et al., 2014; Banks and Baldasano, 2016; Banks et al., 2016; Chen et al., 2017). Subgrid
convection, convective transport of chemical constituents and aerosols, and wet
deposition from subgrid convection are parameterized using the Grell 3D ensemble
cumulus scheme (Grell and Devenyi, 2002) in the 20 km simulations while convective
processes are resolved in the 4 km simulations. The ERA-Interim reanalysis serves as
initial and boundary meteorological conditions for WRF-Chem. The MOZART-4 global
chemical transport model (Emmons et al., 2010) is used for initial and boundary
chemical conditions. Fast et al. (2014) found that the MOZART-4 model overestimates
aerosols in the free troposphere over California, which is also found in one of the
researchers’ sensitivity experiments. Following Fast et al. (2014), the chemical initial and
boundary conditions from MOZART-4 are divided by two in all simulations except
20km_BC1.

Anthropogenic emissions are provided by US EPA 2005 National Emissions Inventory
(NEIOS), with area-type emissions on a structured 4-km grid and point-type emissions at
specific latitude and longitude locations (US EPA, 2010). Nineteen gases (including SO.,
NO, NH; etc.) are emitted, and aerosol emissions include SO4, NO;, EC, organic aerosols,
and total PM,; and PM,, masses. Anthropogenic emissions are updated every hour to
account for diurnal variability, while its seasonal variation is not considered in the
simulations. A sensitivity experiment with 2011 NEI emissions does not produce
significantly different results from the 2005 NEI emissions. Biogenic emissions are
calculated online using the Model of Emissions of Gases and Aerosols from Nature
(MEGAN) model (Guenther et al., 2006). Biomass burning emissions are obtained from
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the Global Fire Emissions Database version 2.1, with eight-day temporal resolution
(Randerson et al., 2007) and updated monthly. Sea salt emissions are derived from the
PNNL-updated sea salt emission scheme that includes the correction of particles with
radius less than 0.2 pm (Gong et al., 2003) and dependence on sea surface temperature
(Jaeglé et al., 2011).

Following Zhao et al. (2013b), dust emission is computed from the GOCART (Goddard

Global Ozone Chemistry Aerosol Radiation and Transport) dust scheme (Ginoux et al.,

2001) in the 20km and 4km simulations. The GOCART dust scheme estimates the dust
emission flux F as

F = CSsyufomUiom — Ur)

where Cis an empirical proportionality constant, Sis a source function for potential
wind erosion that is derived from 1° x 1" GOCART database (Freitas et al., 2011), s, is a
fraction of each size class dust in emission, u,,,, is 10-m wind speed, and u, is a
threshold speed for dust emission.

As shown later, a significant amount of dust is observed in the SJV, whereas the
GOCART dust scheme produces little dust. Two sensitivity experiments at 20 km and 4
km horizontal resolution (referred to as “20km_D2” and “4km_D2”, respectively) are
conducted by switching the dust emission scheme to the DUST TRANsport model
(DUSTRAN) scheme (Shaw et al., 2008). The DUSTRAN scheme estimates F as

F = aCut(1 -5t

*

where Cis an empirical proportionality constant, a is the vegetation mask, u, is the
friction velocity, u,, is a threshold friction velocity, and f,, is the soil wetness factor. The
Cvalue in GOCART and DUSTRAN is highly tunable for different regions. The original C
values, 1.0 pg s°’m” in GOCART (Ginoux et al., 2001) and 1.0x10™ g cm®s® in DUSTRAN
(Shaw et al., 2008), are used in this study.

1.3.3 Experiment Design

Since the model explicitly considers different sources and types of aerosols and
contains the physical processes to represent various aerosol effects (ARI, ASI, and ACI),
it is useful to decompose the aerosol effects based on aerosol sources/types and
pathways. Note that the overall aerosols effects are not a simple sum of different
aerosol sources/types, nor a linear combination of the ARI, ASI, and ACI effects.
Differences between various simulations, however, help to identify the effect of a single
source or pathway and the decomposition approach is a common practice in the
experiment design of modeling studies. To examine the overall aerosol effects and the
roles of locally generated and transported aerosols, the following five experiments have
been designed (Table 2):
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Table 2: Experiment Design for Impacts of Various Aerosol Sources.

Experiment Anthropogenic | Dust Transport | Description
Aerosols Aerosol
CTRL Y Y Y Control experiment with all
aerosol emissions/transports
included
NoLocDust Y N Y Local dust aerosol emission is

not included

NoLocAnth N Y Y Local anthropogenic aerosol
emissions are not included

NoTran Y Y N Aerosols transported from
outside the model domain are
not included

CLEAN N N N Aerosol emissions/transports
are not included

CTRL: This is the control experiment with all aerosol emissions and transports included in the simulation.
Source: University of California, Riverside

2) NoLocDust: This experiment is performed without any local dust emission.
Differences between the CTRL and NoLocDust experiments illustrate the effect of dust
aerosols locally emitted.

3) NoLocAnth: This experiment is similar to NoLocDust, except that emissions of local
anthropogenic aerosols are turned off. Comparison between CTRL and this experiment
will elucidate the effect of local anthropogenic aerosols.

4) NoTran: The initial and boundary chemical conditions in the CTRL simulation are
taken from the global Model for Ozone and Related Chemical Tracers, version 4
(MOZART-4; Emmons et al., 2010). The chemical species transported into the model
domain include organic carbon, black carbon, sulfate, nitrate, ammonium, sea salt, dust,
etc. In the NoTran experiment, aerosols transport from outside the model domain,
including those from East Asia and other regions, are not considered by setting the
lateral boundary conditions for aerosols to zero. Differences between CTRL and NoTran
will show the effect of transported aerosols.

5) CLEAN: This experiment is performed without any local aerosol emissions or
transport from outside the model domain while all the transported chemical species are
kept, and therefore represents a scenario of clean condition. Aerosols are low in the
simulation, but not zero, possibly due to aerosol chemistry. The CCN concentration at
supersaturation of 0.1 percent is on the order of 10 cm?at most times of the CLEAN
simulation. The distribution of liquid water path and ice water path in the CLEAN
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simulation is also similar to that in the CTRL simulation, with differences in magnitude.
Differences between the CTRL and CLEAN experiments would illustrate the effects of all
primary aerosol types, including those locally emitted and transported from outside the
domain.

To distinguish the pathways through which the aerosols influence the precipitation and
snowpack, the researchers also conducted a few other experiments (Table 3):

6) NARI: This experiment is similar to the CTRL run, except that ARI is not included.
Comparison between CTRL and this experiment will elucidate the effect of ARIL

7) NASI: This experiment is similar to the CTRL run, except that ASI is not included.
Comparison between CTRL and this experiment will show the effect of ASIL

8) NARS: This experiment is similar to the CTRL run, except that both ARI and ASI are
not included. By comparing this experiment and CLEAN, the effect due to ACI can be
examined.

Table 3: Experiment Design for Various Aerosol Pathways

Experiment ARI | ACI ASI Description

NARI N Y Y ARI is not included

NASI Y Y N ASI is not included

NARS N Y N ARI and ASI are not included

Source: University of California, Riverside

1.4 Model Evaluation

Shown in Figure 1, the researchers’ model domain includes three urban sites (Fresno,
Bakersfield and Modesto) and two rural sites (Pinnacles and Kaiser) where surface
measurements of aerosols are available. Because aerosols properties and model
performance are similar at all urban sites, the researchers’ discussion is focused on the
results at Fresno.
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Figure 1: Daily Mean Anthropogenic PM2.5 Emission Rate
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1.4.1 Sensitivity to Horizontal Resolution

Daily mean anthropogenic PM.s emission rates used in the 20km and 4km simulations,
respectively are featured. Although both emission rates are derived from the 4 km
NEIOS5 dataset, localized high emission rates with sharp gradients are evident in urban
areas from the 4km simulation. The 20km simulation exhibits lower emission rates at
the urban areas with weaker gradients due to the reapportionment process. As
precipitation is an important process that removes aerosols, the researchers examine
the simulated precipitation for the 20km and 4km runs and find that the 20km
simulation produces 51 percent more precipitation, although the domain-averaged
precipitation is lower in the 20km run than the 4km run (Figure 2).

Consistent with higher emission rates and lower precipitation at Fresno, the 4km run
simulates higher AOD than the 20km run in the cold season - October-November-
December and January-February-March; OND and JFM. (Figure 3). Averaged over a broad
area encompassing Fresno and Bakersfield, the most polluted region in the SJV, the AOD
is 0.090 in the 4km and 0.073 in the 20km, a 23 percent difference. Compared to the
MISR observations, the 4km simulation reproduces the spatial distribution and
magnitude of AOD in the cold season. However, the AOD difference between the 20km
and 4km runs is small in the warm season (April-May-June and July-August-September;
AM]J and JAS ), and both runs underestimate AOD by ~50 percent with respect to the
MISR observations.
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Figure 2: Monthly Precipitation (mm/day) from CPC
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Figure 3: Spatial Distribution of Seasonal Mean 550 nm AOD

Source: University of California, Riverside

Comparing the point values at Fresno in the 4km and 20km simulations (Figure 4), the
researchers find similar results: the 4km AOD is closer to the AERONET measurements
and is about 23 percent higher than that in the 20km run during the cold season, while
both runs are biased low in AOD during the warm season. The different model
sensitivities to horizontal resolution between the cold and warm seasons suggest that
the dominant aerosol sources may be different for the two seasons. The researchers will
elaborate upon the aerosol composition in the following section. MISR and AERONET
observations display weak seasonal AOD variation in the SJV and at Fresno, respectively,
which is not well represented in the 20km and 4km simulations.
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Figure 4: Monthly Mean 550 nm AOD and 400-600 nm

Source: University of California, Riverside

Aside from AOD, significant seasonal variability of AE is shown at Fresno. AE exhibits a
maximum about 1.50 in January and a minimum of 0.98 in April, suggesting relatively
small particles in the winter and large particles in the spring. A relatively large AE value
of 1.40 (corresponding to small particles) is observed in July, possibly related to the
wild fires in late July in the SJV. WRF-Chem captures the seasonal variability of the AE
well, with a correlation of 0.90 in the 20km and 4km simulations. The magnitude of AE
is also approximately simulated in the cold season, with a mean of 1.15 (1.20) in the
20km (4km) runs compared to 1.33 in the observation. However, the simulated AE is
underestimated by ~30 percent in the warm season, indicating that the simulated
particle size is biased high during this period.

Significant seasonal variability of PM.,sis observed in the SJV urban areas (Figure 5). PM,;
at Fresno peaks in January (26.18 ng m*) and reaches a minimum of 7.03 g m-3 in June,
with an annual nonattainment value of 12.64 1g m®. The 20km and 4km runs
approximately capture the observed seasonal variability of PM.;, with a correlation
around 0.90 (Table 4). In the cold season, the 4km simulation overestimates PM,; by 27
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